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Simple Summary: Due to climate change and pests as result of maize monoculture, the need of
diversification of crop rotation forces researchers to look for alternative grains for animal nutrition.
Furthermore, grain fermentation may increase the nutritional value of feed and, simultaneously,
decrease costs of feed conservation because the necessity for grain drying and associated energy costs
are reduced. In this context, the cultivation and integration of early harvested and fermented sorghum
grain in pig diets might be an interesting strategy for the substitution of maize. Therefore, we tested
the nutritional value of three varieties of fermented sorghum grains with gradual differences in
total dry matter, in a Latin-Square experiment comprising growing pigs. Results indicated there
is a potential for improving the nutrient digestibility of sorghum-based pig diets by using early
harvested and fermented whole sorghum grain with lower dry matter concentration. Especially the
need for inorganic phosphorus supplementation and, hence, the fecal phosphorus emissions were
significantly reduced.
Abstract: This study investigated the effects of sorghum ensiled as whole grains with different dry
matter concentrations on the apparent total tract digestibility (ATTD) of energy, crude nutrients and
minerals in growing pigs. Whole grain sorghum batches with varying dry matter (DM) concentrations
of 701 (S1), 738 (S2) and 809 g kg−1 (S3) due to different dates of harvest from the same arable plot,
were stored in air-tight kegs (6 L) for 6 months to ensure complete fermentation. Subsequently,
9 crossbred barrows (34.6 ± 1.8 kg; (Duroc x Landrace) × Piétrain)) were used in a 3 × 3 Latin
square feeding experiment. Diets were based on the respective sorghum grain silage and were
supplemented with additional amino acids, minerals and vitamins to meet or exceed published
feeding recommendations for growing pigs. The ATTD of gross energy, dry matter, organic matter,
nitrogen-free extracts, and crude ash were higher in S1 compared to S3 treatments (p ≤ 0.05), while S2
was intermediate. Pigs fed S1 showed significantly higher ATTD of phosphorus (P) compared to all
other groups while ATTD of calcium was unaffected irrespective of the feeding regime. In conclusion,
growing pigs used whole grain sorghum fermented with a DM concentration of 701 g kg−1 (S1) most
efficiently. In particular, the addition of inorganic P could have been reduced by 0.39 g kg−1 DM
when using this silage compared to the variant with the highest DM value (809 g kg−1).
Keywords: pig; digestibility; minerals; fermentation; sorghum
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1. Introduction
Sorghum represents the fifth most important grain worldwide and could replace
significant amounts of maize in poultry and pig diets [1–3]. The nutritional composition
of sorghum is very similar to maize, while it is, from a botanical point of view, more
drought-resistant, has lower demands on soil quality and is not affected by pests like the
western corn rootworm (Diabrotica virgifera virgifera; [4,5]. Sorghum as a substitution of
maize may contribute to the diversification of crop rotation, resulting in reduced maize
monocultures and may therefore positively affect the agricultural ecosystem. In addition to
phytate, sorghum can also contain high amounts of kafirin and condensed tannins, which
may negatively influence its utilization within the gastrointestinal tract [6]. However,
European sorghum varieties have been cultivated to be low in tannins over the last 30 years.
In fact, it is not possible to register new sorghum varieties unless their tannin concentration
is lower than 30 g kg−1 [7].
The nutritional value of sorghum grains can be improved through the application
of different processing methods, such as grinding [8], hydrothermal processing [9], ger-
mination [10] or ensiling [11–13]. In some regions in Europe (e.g., Austria, Germany,
Slovakia), conserving maize through ensiling is well established because it has a lot
of advantages [13–15]. Fermentation conservation of high moisture whole grain elimi-
nates the necessity for drying, thereby reducing costs of feed preparation and the risk of
degradation of heat labile nutrients [16]. Furthermore, it is well documented that a late
harvest date increases the probability of higher mycotoxin concentrations, which may neg-
atively affect feed quality and animal performance. For example, Reid and Sinha [17] and
Lauren et al. [18] reported an increase in deoxynivalenol and zearalenone contamination
following a delay in the harvest of sorghum cultivars. Since fermentation allows for an
earlier harvest of sorghum kernels, it may therefore also exert secondary effects on the
hygienic status of monogastric diets.
Grain fermentation has been shown to improve nutrient digestibility in
pigs [12,13,19–21]. Carlson and Poulsen [22] evaluated the effect of soaked and fermented
liquid feed (barley vs. wheat) based on the parameters: diet, time of soaking, heat treatment,
phytase activity, pH value, and temperature. They observed significant phytate degradation
when grain-based feeds were soaked and fermented before being fed to pigs. In addition,
Humer et al. [12] demonstrated that the dry matter (DM) content of grain affects the
fermentation intensity and subsequent digestibility of nutrients from ensiled maize kernels
in pig diets.
Data on the use of fermented sorghum kernels in pig nutrition are currently scarce,
especially with regard to the possible effects of the sorghum DM concentration at the
time of harvest. Therefore, the aim of the present study was to investigate the effects of
fermented whole grain sorghum with varying DM concentrations on the apparent total
tract digestibility (ATTD) of crude nutrients, energy and minerals in growing pigs.
2. Materials and Methods
2.1. Sorghum Harvest and Fermentation Procedure
The varying DM concentration of sorghum grains (Targga, RAGT, Rodez, France) was
achieved by different harvesting dates from the same field (Southeast Styria, Hatzendorf,
Austria). Sorghum S1 was harvested on September 24th 2016, while S2 and S3 were
harvested 8 and 16 days later, respectively. The varying harvest dates resulted in DM
concentrations of 701 (S1), 738 (S2) and 809 g kg−1 (S3), respectively. The whole grain
sorghum batches were filled in air-tight 6 L wide-neck-kegs (Bär, Salzburg, Austria) and
stored protected from light at ambient temperature conditions for 6 months to ensure
sufficient fermentation. No silage additives, like microbial inoculants, were used for the
production of sorghum grain silage.
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2.2. Animals and Diets
The protocol of the pig study was approved by the Austrian Ministry for Science and
Research and by the University of Natural Resources and Life Sciences, Vienna (BMWF-
60016/4-WF/V3b/2015).
The experiment was conducted following a 3 × 3 Latin square design with 9 crossbred
barrows, which were progeny of (Duroc × Landrace) × Piétrain. The pigs were randomly
allocated to individual metabolic cages (Ehret, Tulln, Austria) according to body weight
(BW; 34.6 ± 1.8 kg) and litter (pigs from 3 different litters were used). The stainless-steel
cages were equipped with wire mesh screens and drain pans for the separate quantitative
collection of feces and urine. The cage size was constantly adjusted to the changing body
size of each individual animal during the feeding trial. The barrows were fed equal rations
twice per day at 7 AM and 6 PM. Feed intake was restricted to 2.5-fold the maintenance
requirement for metabolizable energy (ME) [23], based on the pigs individual life weights
at the start of each of three experimental runs. The digestibility experiment started with
a 4-day adaptation period to the metabolism cages, during which a commercial diet for
growing pigs based on maize and soybean meal was fed ad libitum. Each experimental
period consisted of 12 days, with 7 days of diet adaptation and 5 days of sampling period.
Thereby, each pig received each type of experimental diet once, respectively, and hence
served as its own internal control (n = 9 replicates per treatment group). The pigs had free
access to tap drinking water throughout the study.
For each new day of experimental feeding, respective sorghum fermentation kegs
were freshly opened, and their contents were briefly grounded with a conventional hammer
mill (sieve: 4.5 mm, Super 40, Gruber Maschinen GmbH, Gaspoltshofen, Austria) before
mixing and feeding the diets, respectively. Table 1 shows the dietary ingredients and
chemical composition. The basal diet was formulated according to the recommendations
of the GfE [23] except for crude protein and was based on nutrient analysis of the sorghum
conserves prior to feed preparation. Thereby, the recommended and comparable crude
protein concentrations after inclusion of respective sorghum variants into experimental
diets were achieved. Diets consisted of fermented sorghum fortified with crystalline amino
acids (AA) and a mineral-vitamin premix. Due to the differences in DM concentrations
of sorghum conserves S1, S2 and S3, varying amounts of conserved sorghum were mixed
with the premix. To avoid excessive endogenous phosphorus (P) excretion and a bias of
P digestibility values arising thereof, no inorganic P was supplemented. As a result, the
dietary design met the guidelines of GfE [24] for determination of ATTD of P in pigs.
2.3. Sampling
Pooled samples of 3 sorghum conserves were taken at the beginning of each ex-
perimental period, vacuum sealed and stored at −20 ◦C. Individual feces samples were
collected quantitatively per day over a period of five consecutive days per experimental
run (3 runs with nine animals in total). Fecal batches were weighted on each day of the
experimental phase, homogenized and aliquot amounts were stored at −20 ◦C until further
usage. Another aliquot was used for immediate determination of fecal DM according to
standard procedures [25].
2.4. Analytical Methods
Frozen fecal samples were defrosted, dried under mild conditions (50 ◦C) and milled
(1.0 mm, Retsch ZM200, Haan, Germany) prior to chemical analysis. Milled feeds and feces
were subject to analyses of DM, organic matter (OM), crude ash (Ash), crude protein (CP),
crude fiber (CF), starch and ether extract after acid hydrolysis (EEh) according to standard
procedures [25]. Phosphorus was determined photometrically (U5100-Spectrophotometer-
Hitatchi, Metrohm, Vienna, Austria) using the vanado-molybdate method to measure color
intensity at 436 nm and calcium (Ca) was determined by flame atomic absorption spec-
trophotometry (AAnalyst 200, Perkin Elmer, Brunn am Gebirge, Austria) following nitric
acid wet digestion via microwave (MLS-ETHOS plus Terminal 320, Leutkirch, Germany).
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Gross energy (GE) contents were determined by bomb calorimetry (IKA-Kalorimeter C400,
Bartelt, Graz, Austria). To determine fermentation characteristics, organic acids were
measured in ensiled sorghum samples by gas chromatography (Varian GC 3900, Munich,
Germany) according to Zhao et al. [26]. Ammonia-N concentration was determined by
UV-absorption (Hitachi U5100 Spectrophotometer, Tokyo, Japan) using a commercial kit
(R-Biopharm, Darmstadt, Germany). All chemical analyses were performed in duplicate.
Table 1. Composition and calculated nutrients of test diets.
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SID, standardized ileal digestibility; 1 Amount per kg premix: vitamin A 1,200,000 I.E.; vitamin D3 391,120
I.E.; vitamin E (as all-rac-α-tocopheryl acetate) 11,000 mg; vitamin K3 840 mg, vitamin C 12,000 mg; vitamin B1
480 mg; vitamin B2 1200 mg, vitamin B6 (Pyridoxine hydrochloride) 840 mg; vitamin B12 8400 µg; nicotinic acid
7200 mg; pantothenic acid 3000 mg; folic acid 120 mg; biotin 18,000 µg; iron (as iron-(II)-sulfate, monohydrate)
15,640 mg; zinc (as zinc sulfate, monohydrate) 15,640 mg; manganese (as manganese-(II)-oxide 7800 mg; copper
(as copper-(II)-sulfate, pentahydrate) 2900; iodine (as calcium iodate, anhydrous) 290 mg; cobalt (as alkaline
cobalt-(II)-carbonate, monohydrate) 97 mg; selenium (as sodium selenite) 88 mg; antioxidants 2930 mg; calcium
carbonate as carrier (218 g kg−1 calcium).
2.5. Apparent Total Tract Digestibility
The ATTD of Ash, DM, OM, CP, CF, starch, EEh, P and Ca were calculated using the
following Equation:
ATTD = [(Fi − Ff)/Fi],
ATTD = apparent total tract digestibility of DM, OM, Ash, CP, CF, starch, EEh, P or Ca
in percent (%); Fi = total intake of Ash (g), DM (g), OM (g), CP (g), CF (g), starch (g) EEh (g),
P (g) or Ca (g), during the collecting period; Ff = total fecal output of Ash (g), DM (g),
OM (g), CP (g), CF (g), starch (g), EEh (g), P (g) or Ca (g) originating from feed that was fed
during the collecting period.
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Digestible energy (DE) was calculated as follows:
DE (MJ/kg DM) = [GE (MJ/kg DM) × ATTD of GE (%)]/100
The concentration of metabolizable energy (ME) was calculated by regression model
based on digestible crude nutrients [23] as follows:
ME (MJ/kg) = 0.0205 × digestible protein + 0.0398 × digestible ether extract after acid hydrolysis + 0.0173 ×
starch + 0.0160 × sugar + 0.0147 × digestible residual.
2.6. Statistical Analyses
Data were analyzed as a Latin square design. Therefore, we assumed a linear mixed
model, which was computed and subjected to ANOVA using the MIXED procedure of
SAS 6.1 (SAS Inst., Inc., Cary, NC, USA) according to the following model: xijk = µ + Ti +
BW + Pj + Ak + eijk, where xijk = the dependent variable, µ = overall mean, Ti = the effect of
treatments (i = sorghum with DM concentrations of 701 (S1), 738 (S2) and 809 g kg−1 (S3)),
BW = the effect of BW at the start of the experimental period, Pj = the random effect of the
experimental period (j = 1–3), Ak = the random effect of the animals (k = 1–9), and eijk =
the residual experimental error.
The treatment means were separated using the least-squares means statement, and
differences were determined using the Tukey–Kramer test. The differences were considered
statistically significant at p ≤ 0.05. Results are presented as least-squares means including
pooled standard error of means (SEM).
The minimum effective sample size for the experiment was estimated using the
software package G*Power 3.1.9.6 [27,28]. The datasets of Humer et al. [12,13] were used
to get a realistic estimation of the effect difference to calculate the minimum necessary
number of animals to reach a minimum statistical power of 1-β = 0.8 at α = 0.05.
3. Results
3.1. Chemical Composition of Sorghum and Experimental Diets
Analyzed nutrient contents of ensiled sorghum grains including fermentation char-
acteristics are shown in Table 2. Only small variations related to the nutritional and GE
content were observed between the treatments. However, samples of sorghum conserves S1
and S2 contained more sugar than S3. With a DM content of 809 g kg−1 (S3), less acetic acid
and butyric acid was generated compared to S1 and S2. On the contrary, S2 expressed the
lowest concentration of lactic acid compared with S1 and S3. The amount of NH3 decreased
with decreasing DM content, while the CP contents were similar between batches.
3.2. Apparent Total Tract Digestibility of Pigs
All pigs remained healthy throughout the experiment, according to continuous vet-
erinary surveillance. Supplementary Table S1 highlights the zootechnical data obtained
during the study. This was not considered for statistical analysis and data discussion, since
the experimental setup was not designed for this purpose.
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Table 2. Analyzed nutrient composition and fermentation characteristics of different whole grain




Dry matter (g kg−1) 701.2 738.4 809.5
Organic matter (g kg−1 DM) 979.8 980.2 979.9
Crude protein (g kg−1 DM) 95.4 93.1 98.6
Ether extracth (g kg−1 DM) 35.8 36.2 34.7
Crude fiber (g kg−1 DM) 27.5 28.6 24.9
Ash (g kg−1 DM) 20.2 19.8 20.1
Starch (g kg−1 DM) 751.4 760.9 763.0
Sugar (g kg−1 DM) 13.8 14.5 4.9
Gross energy (MJ kg−1 DM) 18.5 18.8 18.9
Phosphor (g kg−1 DM) 4.4 4.3 4.5
Calcium (g kg−1 DM) 1.5 1.6 1.5
Fermentation characteristics
Acetic acid (g kg−1 DM) 3.3 4.1 1.6
Butyric acid (g kg−1 DM) 0.6 0.3 0.1
Lactic acid (g kg−1 DM) 4.4 1.4 3.0
NH3 (g kg−1 N) 38.1 25.7 18.4
S1, 701 g kg−1 DM; S2, 738 g kg−1 DM; S3, 809 g kg−1 DM; DM, dry matter.
Results on the ATTD of energy, crude nutrients and minerals are given in Table 3. The
ATTD of DM, OM, nitrogen free extract (NfE), Ash and GE was significantly higher when
feeding S1 compared with S3 (p ≤ 0.05) while the feeding of S2 resulted in intermediate
values. Feeding S3 resulted in the significantly lowest ATTD of starch compared to S1 and
S2 (p ≤ 0.05). Furthermore, pigs fed S1 showed significantly higher ATTD of P compared
with S2 and S3 (p ≤ 0.05). The ATTD of CP, EEh, CF and Ca were not significantly affected
by the ensiling process.
Table 3. Effects of sorghum conserves with varying dry matter concentrations (701, 738 and
809 g kg−1) on apparent total tract digestibility (%) of energy, crude nutrients and minerals in
diets for growing pigs (n = 9).
Item Experimental Group SEM p-Value
S1 S2 S3 Treat
GE, % 90.29 a 89.49 ab 88.87 b 0.24 0.049
DM, % 91.44 a 90.81 ab 89.73 b 0.26 0.021
OM, % 92.91 a 92.31 ab 91.72 b 0.18 0.020
CP, % 79.97 76.85 77.53 1.11 0.443
EEh, % 49.19 46.06 47.32 1.09 0.490
CF, % 76.33 75.93 73.82 1.09 0.460
NfE, % 97.26 a 96.73 ab 96.31 b 0.12 <0.001
Starch, % 99.69 a 99.62 a 99.48 b 0.02 <0.001
Ash, % 23.36 a 16.70 ab 7.91 b 2.42 0.035
Ca, % 68.84 70.08 64.70 1.23 0.127
P, % 62.90 a 55.93 b 48.00 b 1.56 <0.001
GE; gross Energy; DM, dry matter; OM, organic matter; CP, crude protein; EEh, ether extract after acid hydrolysis;
CF, cruder fiber; NfE, nitrogen free extract; Ca, calcium; P, phosphorus; S1, 701 g kg−1 DM; S2, 738 g kg−1 DM; S3,
809 g kg−1 DM; a,b Means within a row without a common superscript differ (p ≤ 0.05). SEM, Standard error of
means.
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Table 4 shows the effect of sorghum conservation on DE and ME calculated from the
crude nutrient digestibility data collected during the study. The sorghum grain conserves
expressed no significant differences with respect to DE and ME concentrations.
Table 4. Effects of sorghum conserves with varying dry matter concentrations (701, 738 and
809 g kg−1) on the concentrations of digestible energy and metabolizable energy in diets for growing
pigs (n = 9).
Item Experimental Group SEM p-Value
S1 S2 S3 Treat
DE (MJ kg−1 DM) 16.6 16.8 16.8 0.04 0.098
ME (MJ kg−1 DM) 16.2 16.1 16.1 0.04 0.201
DE, digestible energy; ME, metabolizable energy; S1, 701 g kg−1 DM; S2, 738 g kg−1 DM; S3, 809 g kg−1 DM; DM,
dry matter. SEM, Standard error of means.
4. Discussion
Sorghum grain can partially replace maize in pig and poultry diets and may become
increasingly important in the future due to climate change and the associated wider global
distribution of maize pests like the western corn rootworm [3,29,30]. Fermentation of
cereal grains under air-tight conditions requires substantially less energy than the common
practice of hot air drying, thus, efficiently reducing the costs and environmental impact of
feed storage as well as mycotoxin contaminations due to early harvest [31–33]. Furthermore,
microbial pre-digestion of nutrients may result in improved nutrient digestibility and
increased metabolizable energy concentration during the fermentation process [12,13].
The efficiency of the fermentation process as well as the nutrient digestibility arising
thereof can be affected by the total DM concentration of the grains. These issues have been
only scarcely investigated for sorghum grain with respect to pig nutrition. Therefore, the
present study investigated the effects of increasing DM concentrations due to different
harvested dates on the whole grain fermentation of sorghum and the subsequent ATTD of
energy, crude nutrients and minerals in growing pigs.
The harvest dates affected the DM concentration and the fermentation process of
whole grain sorghum. Early harvest resulted in lowest DM while harvesting 8 and 16 days
later increased DM by approx. 40 and 100 g kg−1, respectively. Although crude nutrient
and starch concentrations were comparable between different sorghum batches, NH3 and
sugar tended to decrease with increasing DM concentration at the end of fermentation.
Earlier projects on whole maize grain fermentation confirmed our results on sugar and
the concentration of short chain fatty acids [12,13,34]. However, contrary to our data,
Humer et al. [12,13] observed an increase in NH3 with increasing DM concentration.
The reasons for these contradictory results cannot be explained at the moment and must be
subject to future research.
Although the DM concentration was different between the sorghum conserves in
the present study, the overall feed value of the final fermented products in terms of
crude nutrients and starch on a dry matter basis was not affected. Nevertheless, we
observed significant differences in the ATTD of GE, DM, OM, starch, ash and P when
feeding the different ensiled sorghum batches, with the lowest DM silage (S1) promoting
the highest obtained values and S3 fed animals exhibited the lowest ATTD values in
any case. The literature on grain fermentation and its effects on feed digestibility is
inconsistent and sometimes contradictory, which seems to reflect differences in substrates
and fermentation conditions. Furthermore, experimental designs mostly focus on the
comparison between wet ensiled and air-dried grain or the effects of feeding fermented
liquid diets in comparison with dried unfermented controls. Crenshaw et al. [35] performed
fattening and metabolism trials with pigs to determine the nutritional value of harvested
high moisture and fermented (HMSG; 758.0 g kg−1 DM) vs. dried sorghum grains (DSG;
857.3 kg−1 DM). Diets containing HMSG resulted in improved feed conversion compared
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with pigs fed DSG, while feed intake and average daily gain was unaffected. Although there
was no effect on DM digestibility, ensiling sorghum grain with 30% moisture improved
energy intake and digestibility of energy compared with DSG. The nitrogen balance and
apparent N digestibility were higher in HMSG diets compared with DSG diets. In addition,
Myer et al. [36] evaluated the effect of storage conditions (high moisture vs. drying) on
the nutritional value of sorghum grain in growing pigs. Similar to our experiment (S1),
high moisture sorghum was harvested and anaerobically stored at 750 g kg−1 DM for 6
months. In accordance with our results, they observed improved ATTD of DM and energy
in high moisture grain. In strong contrast to our findings, however, ATTD of CP was also
improved. Finally, in accordance to our findings, Jørgensen et al. [37] and Cho et al. [38]
recognized improved ATTD of DM in pigs that were fed fermented liquid diets.
A series of earlier studies applied an approach comparable to ours on the effects of
whole or milled maize grain fermentation [12,13]. Humer et al. [13] investigated the effect
of fermented whole maize grain with a DM concentration of 696.3 g kg−1 in comparison to
milled fermented (711.1 g DM kg−1) and dried (869.6 g DM kg−1) maize in growing pigs
under isocaloric and isonitrogenous dietary conditions. The ATTD of DM and starch was
improved, and the ATTD of the ether extract was numerically increased when fermented
maize was fed. The increase in digestibility led to numerically higher ATTD of the GE
from fermented maize variants compared to the dried maize. In accordance with our
findings, the ATTD of N as well as the N retention were not affected by the fermentation.
Humer et al. [12] investigated the effects of comparable maize variants like Humer et al. [13],
but in the presence or without exogenous phytase, respectively. The digestibility of DM
and OM were not affected by the fermentation and CP digestibility was lower in fermented
maize compared to dried maize. An increase in NH3 concentration in fermented maize may
explain our contrasting findings on non-affected CP digestibility from different fermented
sorghum batches with uniform NH3 levels.
Reducing the particle size of grains may also positively affect fermentation as well as
GE digestibility. It is well known that storage procedures using fermentation techniques
can promote microbial phytate degradation in grains, leading to improved mineral absorba-
bility [12,13,39–42]. This could be exacerbated by the native endogenous grain phytase [43].
Our findings are in favor of a significant P release from phytate when fermenting low DM
sorghum (variant S1, DM of 701 g kg−1). A plausible explanation could be that lactic acid
bacteria decreased phytic acid contents due to their ability to produce phytase [44,45]. This
is in line with data from Pieper et al. [21], who observed higher ATTD of P in pigs fed moist
triticale and wheat supplemented with lactic acid bacteria compared to conventionally
dried grains. Overall, our data most likely reflected microbial phytate breakdown since
sorghum has a reportedly negligible native phytase activity [46].
Further research regarding the different DM concentrations of fermented sorghum
grain should be carried out to identify minimal and maximal moisture levels for ideal
fermentation conditions. Especially different particle sizes of sorghum grains prior to
fermentation may result in varying nutrient digestibility, since several groups recog-
nized a superior ATTD of nutrients from milled ensiled grains compared to whole grain
silage [12,13,20]. However, this has yet to be proven for sorghum.
5. Conclusions
Our data suggest that the air-tight storage of whole grain sorghum with a DM concen-
tration at harvest of 701 g kg−1 (S1) can improve the feeding value of sorghum for pigs
compared to high DM variants. Especially, a lower need for the supplementation of inor-
ganic P by 0.39 g kg−1 DM and reduced manure P emissions arising thereof, could enhance
the sustainability of pork production based on diets with sorghum grain conserves.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani11051199/s1, Table S1: Effects of sorghum conserves with varying dry matter concentration
(701, 738 and 809 g kg−1) on zootechnical performance in diets for growing pigs.
Animals 2021, 11, 1199 9 of 11
Author Contributions: Conceptualization, W.W. and K.S.; methodology, W.W. and K.S.; software, J.S.;
validation, J.S., K.S., D.B. and G.W.-S.; formal analysis, K.L.; investigation, K.L. and R.P.; resources,
W.W.; data curation, W.W.; writing—original draft preparation, R.P.; writing—review and editing,
W.W., D.B., K.S., J.S.; supervision, W.W.; project administration, W.W.; funding acquisition, W.W. All
authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: The protocol of the pig study was approved by the Austrian
Ministry for Science and Research and by the University of Natural Resources and Life Sciences,
Vienna (BMWF-60016/4-WF/V3b/2015).
Data Availability Statement: Data available on request due to restrictions privacy.The data presented
in this study are available on request from the corresponding author.
Acknowledgments: The authors are thankful for the technical support and gratefully acknowledge
the colleagues of the Institute of Animal Nutrition, Livestock Products, and Nutrition Physiology
(TTE) and from the DÖF (Deutsch-Österreichische Freundschaft) for valuable discussions and advice.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Selle, P.H.; Cadogan, D.J.; Li, X.; Bryden, W.L. Review: Implications of sorghum in broiler chicken nutrition. Anim. Feed Sci.
Technol. 2010, 156, 57–74. [CrossRef]
2. Nyannor, E.K.D.; Adedokun, S.A.; Hamaker, B.R.; Ejeta, G.; Adeola, O. Nutritional evaluation of high-digestible sorghum for pigs
and broiler chicks1. J. Anim. Sci. 2007, 85, 196–203. [CrossRef] [PubMed]
3. Puntigam, R.; Brugger, D.; Slama, J.; Inhuber, V.; Boden, B.; Krammer, V.; Schedle, K.; Wetscherek-Seipelt, G.; Wetscherek, W. The
effects of a partial or total replacement of ground corn with ground and whole-grain low-tannin sorghum (Sorghum bicolor (L.)
Moench) on zootechnical performance, carcass traits and apparent ileal amino acid digestibility of broiler chickens. Livest. Sci.
2020, 241, 104187. [CrossRef]
4. Abdo, M.; Mengistu, U.; Kefyalew, G. Effects of replacing maize with sorghum on growth and feed efficiency of commercial
broiler chicken. J. Vet. Sci. Technol. 2015, 6, 224.
5. Berenji, J.; Dahlberg, J. Perspectives of Sorghum in Europe. J. Agron. Crop. Sci. 2004, 190, 332–338. [CrossRef]
6. Selle, P.H.; Moss, A.F.; Truong, H.H.; Khoddami, A.; Cadogan, D.J.; Godwin, I.D.; Liu, S.Y. Outlook: Sorghum as a feed grain for
Australian chicken-meat production. Anim. Nutr. 2018, 4, 17–30. [CrossRef]
7. Windpassinger, S.M. Breeding Strategies for the Adaptation of Sorghum (Sorghum bicolor L. Moench) as a Novel Crop for
Temperate Europe. Ph.D. Thesis, Justus-Liebig University Giessen, Giessen, Germany, 2016.
8. Owsley, W.F.; Knabe, D.A.; Tanksley, T.D., Jr. Effect of sorghum particle size on digestibility of nutrients at the terminal ileum and
over the total digestive tract of growing-finishing pigs. J. Anim. Sci. 1981, 52, 557–566. [CrossRef]
9. Liu, S.Y.; Selle, P.H.; Cowieson, A.J. Strategies to enhance the performance of pigs and poultry on sorghum-based diets. Anim.
Feed. Sci. Technol. 2013, 181, 1–14. [CrossRef]
10. Afify, A.E.-M.M.R.; El-Beltagi, H.S.; El-Salam, S.M.A.; Omran, A.A. Bioavailability of Iron, Zinc, Phytate and Phytase Activity
during Soaking and Germination of White Sorghum Varieties. PLoS ONE 2011, 6, e25512. [CrossRef]
11. Lopes, A.B.R.D.C.; Tse, M.L.P.; Da Silva, A.M.R.; Neto, M.A.D.T.; Pereira, C.S.; Saleh, M.A.D.; Berto, D.A. High-moisture sorghum
grain silage with low- and high-tannin contents for weanling piglets. Ciência Rural 2017, 47. [CrossRef]
12. Humer, E.; Wetscherek, W.; Schwarz, C.; Schedle, K. Effect of maize conservation technique and phytase supplementation on total
tract apparent digestibility of phosphorus, calcium, ash, dry matter, organic matter and crude protein in growing pigs. Anim.
Feed. Sci. Technol. 2013, 185, 70–77. [CrossRef]
13. Humer, E.; Wetscherek, W.; Schwarz, C.; Schedle, K. Effects of maize conservation techniques on the apparent total tract nutrient
and mineral digestibility and microbial metabolites in the faeces of growing pigs. Anim. Feed. Sci. Technol. 2014, 197, 176–184.
[CrossRef]
14. Bunte, S. Die Fermentation von Flüssigfutter als Fütterungskonzept im Schweinebestand—Potentiale, aber auch Risiken aus Sicht
der Tierernährung und Tiermedizin. Ph.D. Thesis, Tierärztliche Hochschule Hannover, Hannover, Germany, 2018.
15. Zaworska, A.; Kasprowicz-Potocka, M.; Jozefiak, D. Fermentation as a Method of Reducing Anitnutritional Compounds in
Rapeseed Feed. In Proceedings of the Scientific Session of Group of Animal Nutrition KNZiA PAN Kraków XLVII, Krakow,
Poland, 27–29 June 2018; p. 47.
16. Odjo, D.P.S.; Malumba Kamba, P.; Beckers, Y.; Béra, F. Impact of drying and heat treatment on the feeding value of corn. A review.
Biotechnol. Agron. Société Environ. 2015, 19, 301–312.
17. Reid, L.; Sinha, R. Maize maturity and the development of gibberella ear rot symptoms and deoxynivalenol after inoculation. Eur.
J. Plant. Pathol. 1998, 104, 147–154. [CrossRef]
Animals 2021, 11, 1199 10 of 11
18. Lauren, D.R.; Smith, W.A.; Di Menna, M.E. Influence of harvest date and hybrid on the mycotoxin content of maize (Zea mays)
grain grown in New Zealand. N. Z. J. Crop. Hortic. Sci. 2007, 35, 331–340. [CrossRef]
19. Canibe, N.; Højberg, O.; Badsberg, J.H.; Jensen, B.B. Effect of feeding fermented liquid feed and fermented grain on gastrointestinal
ecology and growth performance in piglets. J. Anim. Sci. 2007, 85, 2959–2971. [CrossRef]
20. Canibe, N.; Jensen, B.B. Fermented liquid feed—Microbial and nutritional aspects and impact on enteric diseases in pigs. Anim.
Feed. Sci. Technol. 2012, 173, 17–40. [CrossRef]
21. Pieper, R.; Hackl, W.; Korn, U.; Zeyner, A.; Souffrant, W.; Pieper, B. Effect of ensiling triticale, barley and wheat grains at different
moisture content and addition of Lactobacillus plantarum (DSMZ 8866 and 8862) on fermentation characteristics and nutrient
digestibility in pigs. Anim. Feed. Sci. Technol. 2011, 164, 96–105. [CrossRef]
22. Carlson, D.; Poulsen, H.D. Phytate degradation in soaked and fermented liquid feed—effect of diet, time of soaking, heat
treatment, phytase activity, pH and temperature. Anim. Feed. Sci. Technol. 2003, 103, 141–154. [CrossRef]
23. GfE. Recommendations for the Supply of Energy and Nutrients to Pigs; DLG-Verlag: Frankfurt, Germany, 2008; Volume 10.
24. GfE. Die Bestimmung des verdaulichen Phosphors beim Schwein. In Mitteilung des Ausschusses für Bedarfsnormen der Gesellschaft
für Ernährungsphysiologie, Proceedings of the Society of Nutrition Physiology; Kirchgessner, M., Ed.; Weihenstephan, TU-Munich:
Freising, Germany, 1994; pp. 113–119.
25. Verband deutscher landwirtschaftlicher Untersuchungs- und Forschungsanstalten. Handbuch der Landwirtschaftlichen Versuchs-
und Untersuchungsmethodik (VDLUFA-Methodenbuch), Vol. III. Die chemische Untersuchung von Futtermitteln; VDLUFA-Verlag:
Darmstadt, Germany, 2012.
26. Zhao, G.; Nyman, M.; Jönsson, J. Åke Rapid determination of short-chain fatty acids in colonic contents and faeces of humans
and rats by acidified water-extraction and direct-injection gas chromatography. Biomed. Chromatogr. 2005, 20, 674–682. [CrossRef]
27. Faul, F.; Erdfelder, E.; Lang, A.-G.; Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef] [PubMed]
28. Faul, F.; Erdfelder, E.; Buchner, A.; Lang, A.-G. Statistical power analyses using G*Power 3.1: Tests for correlation and regression
analyses. Behav. Res. Methods 2009, 41, 1149–1160. [CrossRef]
29. Marques, B.; Rosa, G.; Hauschild, L.; Carvalho, A.; Lovatto, P. Substituição de milho por sorgo baixo tanino em dietas para suínos:
Digestibilidade e metabolismo. Arq. Bras. Med. Veterinária Zootec. 2007, 59, 767–772. [CrossRef]
30. Amouzou, K.A.; Lamers, J.P.; Naab, J.B.; Borgemeister, C.; Vlek, P.L.; Becker, M. Climate change impact on water- and nitrogen-use
efficiencies and yields of maize and sorghum in the northern Benin dry savanna, West Africa. Field Crop. Res. 2019, 235, 104–117.
[CrossRef]
31. Olstorpe, M.; Passoth, V. Pichia anomala in grain biopreservation. Antonie Van Leeuwenhoek 2010, 99, 57–62. [CrossRef]
32. Welin, J.B.; Lyberg, K.; Passoth, V.; Olstorpe, M. Combined moist airtight storage and feed fermentation of barley by the yeast
Wickerhamomyces anomalus and a lactic acid bacteria consortium. Front. Plant. Sci. 2015, 6, 270. [CrossRef]
33. Schedle, K. Sustainable pig and poultry nutrition by improvement of nutrient utilisation—A review. Die Bodenkultur: J. Land
Manag. Food Environ. 2016, 71, 45–60. [CrossRef]
34. Resch, R.; Zentner, E.; Wetscherek, W. Impact of Storage Conditions on Gas.-Composition and Fermentation-Losses of Cornsilage (GKS).
Project. Nr. 2395 (DaFNE100885) HBLFA Raumberg-Gumpenstein, A-8952 Irdning-Donnersbachtal; Bundesministerium für Land- und
Forstwirtschaft, Umwelt und Wasserwirtschaft: Vienna, Austria, 2014; pp. 1–34.
35. Crenshaw, J.D.; Peo, E.R.; Lewis, A.J.; Moser, B.D.; Crenshaw, T.D. The Nutritional Value of High Moisture and Reconstituted
Sorghum Grain for Swine3. J. Anim. Sci. 1984, 58, 1222–1230. [CrossRef]
36. Myer, R.O.; Gorbet, D.W.; Combs, G.E. Nutritive Value of High- and Low-Tannin Grain Sorghums Harvested and Stored in the
High-Moisture State for Growing-Finishing Swine. J. Anim. Sci. 1986, 62, 1290–1297. [CrossRef]
37. Jørgensen, H.; Sholly, D.; Pedersen, A.Ø.; Canibe, N.; Knudsen, K.E.B. Fermentation of cereals—Influence on digestibility of
nutrients in growing pigs. Livest. Sci. 2010, 134, 56–58. [CrossRef]
38. Cho, J.; Zhang, Z.; Kim, I. Effects of fermented grains as raw cereal substitutes on growth performance, nutrient digestibility,
blood profiles, and fecal noxious gas emission in growing pigs. Livest. Sci. 2013, 154, 131–136. [CrossRef]
39. Blaabjerg, K.; Carlson, D.; Hansen-Møller, J.; Tauson, A.-H.; Poulsen, H. In vitro degradation of phytate and lower inositol
phosphates in soaked diets and feedstuffs. Livest. Sci. 2007, 109, 240–243. [CrossRef]
40. Niven, S.; Zhu, C.; Columbus, D.; Pluske, J.; De Lange, C. Impact of controlled fermentation and steeping of high moisture corn
on its nutritional value for pigs. Livest. Sci. 2007, 109, 166–169. [CrossRef]
41. Selle, P.H.; Ravindran, V.; Caldwell, A.; Bryden, W.L. Phytate and phytase: Consequences for protein utilization. Nutr. Res. Rev.
2000, 13, 255–278. [CrossRef]
42. Kraler, M.; Schedle, K.; Domig, K.; Heine, D.; Michlmayr, H.; Kneifel, W. Effects of fermented and extruded wheat bran on
total tract apparent digestibility of nutrients, minerals and energy in growing pigs. Anim. Feed. Sci. Technol. 2014, 197, 121–129.
[CrossRef]
43. Lyberg, K.; Lundh, T.; Pedersen, C.; Lindberg, J.E. Influence of soaking, fermentation and phytase supplementation on nutrient
digestibility in pigs offered a grower diet based on wheat and barley. J. Anim. Sci. 2006, 82, 853–858. [CrossRef]
44. Lopez, H.W.; Ouvry, A.; Bervas, E.; Guy, C.; Messager, A.; Demigne, C.; Remesy, C. Strains of Lactic Acid Bacteria Isolated from
Sour Doughs Degrade Phytic Acid and Improve Calcium and Magnesium Solubility from Whole Wheat Flour. J. Agric. Food
Chem. 2000, 48, 2281–2285. [CrossRef] [PubMed]
Animals 2021, 11, 1199 11 of 11
45. De Angelis, M.; Gallo, G.; Corbo, M.R.; McSweeney, P.L.H.; Faccia, M.; Giovine, M.; Gobbetti, M. Phytase activity in sourdough
lactic acid bacteria: Purification and characterization of a phytase from Lactobacillus sanfranciscensis CB 1. Int. J. Food Microbiol.
2010, 87, 259–270. [CrossRef]
46. Brinch-Pedersen, H.; Madsen, C.K.; Holme, I.B.; Dionisio, G. Increased understanding of the cereal phytase complement for
better mineral bio-availability and resource management. J. Cereal Sci. 2014, 59, 373–381. [CrossRef]
